Microtubule (MT) nucleation in vivo is regulated by the γ-tubulin ring complex (γTuRC), an approximately 2-megadalton complex conserved from yeast to humans. In Saccharomyces cerevisiae, γTuRC assembly is a key point of regulation over the MT cytoskeleton. Budding yeast γTuRC is composed of seven γ-tubulin small complex (γTuSC) subassemblies which associate helically to form a template from which microtubules grow. This assembly process requires higher-order oligomers of the coiledcoil protein Spc110 to bind multiple γTuSCs, thereby stabilizing the otherwise lowaffinity interface between γTuSCs. While Spc110 oligomerization is critical, its Nterminal domain (NTD) also plays a role that is poorly understood both functionally and structurally. In this work, we sought a mechanistic understanding of Spc110 NTD using a combination of structural and biochemical analyses. Through crosslinking-mass spectrometry (XL-MS), we determined that a segment of Spc110 coiled-coil is a major point of contact with γTuSC. We determined the structure of this coiled-coil segment by X-ray crystallography and used it in combination with our XL-MS dataset to generate an integrative structural model of the γTuSC-Spc110 complex. This structural model, in combination with biochemical analyses of Spc110 heterodimers lacking one NTD, suggests that the two NTDs within an Spc110 dimer act independently, one stabilizing association between Spc110 and γTuSC and the other stabilizing the interface between adjacent γTuSCs.
Introduction
Spc110 plays a dual role in the budding yeast Saccharomyces cerevisiae, both connecting the γ-tubulin small complex (γTuSC) with the nuclear face of the spindle pole body (SPB) (Kilmartin, et al., 1993; Knop & Schiebel, 1997; Knop & Schiebel, 1998) and regulating assembly of γTuSC subassemblies into the microtubule-nucleating γ-tubulin ring complex (γTuRC) (Kollman, et al., 2010; Lin, et al., 2015) . Our previous work has demonstrated that γTuSC self assembles via relatively low-affinity interactions which must be cooperatively stabilized by higher-order oligomers of Spc110 for efficient γTuRC assembly to occur both in vitro and in vivo . This higher-order assembly is thought to occur via coiled-coil mediated oligomerization, which is expected to be favorable in vivo due to high local concentrations of Spc110 at the SPB.
While higher-order oligomerization is clearly a crucial determinant of Spc110-mediated γTuRC stabilization, several observations indicated the importance of the 111-residue N-terminal domain (hereafter NTD ). If higher-order Spc110 oligomerization were the sole determinant of γTuRC assembly, Spc110 constructs that do not assemble beyond a dimer should not support γTuRC assembly. However, at high γTuSC concentration a dimeric Spc110 construct does induce assembly of γTuSCs into larger complexes, albeit with reduced average γTuSC number within the complexes and weaker affinity compared with tetrameric or larger Spc110 variants, implying an important role for other regions of Spc110 . Further, while the deletion of amino acid residues 1-34 of Spc110 leaves the protein functional in vitro and the mutant viable in vivo, a NTD 1-111 deletion mutant is not viable in vivo, while supporting substantially reduced γTuRC assembly in vitro. Deletion of the NTD 1-111 plus the centrosomin motif 1 (CM1 ) abolishes γTuRC assembly in vitro. This interpretation is complicated by the presence of only a small portion of Spc110 in cryo-EM reconstructions of the disulfide-stabilized closed γTuSC filament, which suggests that the NTD fails to adopt a single stable conformation and hinders efforts to identify important interaction motifs Greenberg, et al., 2016) .
In this work, we refine the understanding of Spc110 in γTuRC assembly via structural and biochemical approaches. We use chemical crosslinking coupled with mass spectrometry (XL-MS) to define interactions between Spc110 and γTuSC. This allowed assignment of an Spc110 coiled-coil region (residues 164-203) as the density previously observed in a cryo-EM reconstruction . Integrative structure modeling indicates that data from cryo-EM, X-ray crystallography, and XL-MS is consistent with a single Spc110 NTD binding to γTuSC. Using our FRET assay for γTuRC assembly and covalently linked Spc110 heterodimers, we present data indicating the two Spc110 NTD s in the Spc110 dimer act independently to stabilize γTuRC assembly. One associates with the γTuSC to which the coiled coil region is bound, while the other stabilizes interactions with an adjacent laterally associated γTuSC.
Results

Defining Spc110-γTuSC interaction by XL-MS
The 6.9 Å cryo-EM reconstruction of Spc110-bound γTuSC filaments in a closed conformation revealed density consistent with two alpha-helices approximately 40 residues in length derived from Spc110, though the limited resolution prevents rigorous assignment of this density to any portion of Spc110. The Spc110 1-220 construct used in the reconstruction contains a 45-residue high-probability coiled-coil segment at positions 164-208 (hereafter referred to as the N-terminal coiled-coil, or NCC ; see Figure S1 ), as well as a predicted helix within the centrosomin motif 1 (CM1 117-146 ) ( Figure 1A ). Biochemical assays for γTuRC assembly indicate that the NTD 1-111 of Spc110 contributes significantly to the stabilization of γTuRC. Cells expressing Spc110 lacking this domain are inviable . However, the cryo-EM map lacked any apparent density consistent with this region. There thus remains significant uncertainty about the interactions between these portions of Spc110 and γTuSC which we sought to resolve.
To define these important interaction interfaces between Spc110 and γTuSC, we utilized chemical crosslinking coupled with mass spectrometry (XL-MS). We performed XL-MS using two Spc110 constructs. The Spc110 1-220 -GCN4 dimer construct stabilizes γTuRC assembly in vitro and in vivo, but relatively weakly compared with higher-order oligomers . The Spc110 1-401 -GST construct purified from baculovirusinfected insect cells forms large oligomers and stabilizes γTuRC assembly efficiently . We used two chemical crosslinking reagents with different reactivities and linker lengths: disuccinimidyl suberate (DSS), a homo-bifunctional amine reactive reagent with an 11.4 Å aliphatic spacer, and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), a so-called "zero-length" amine-carboxyl crosslinker. We identified a large number of high confidence crosslinked peptides in both Spc110 constructs with each crosslinking reagent.
We first focused on crosslinks between the N-terminal portions of Spc97 and Spc98 and Spc110 that would inform on the identity of the Spc110 alpha-helical densities observed in the cryo-EM map of Spc110-bound γTuSC. We observed a series of Due to the limited resolution of the cryo-EM reconstruction, the derived atomic model contains only the peptide backbone Greenberg, et al., 2016) . Given the proximity between the NCC and γTuSC observed by XL-MS, we sought a higher-resolution structure of the NCC region via X-ray crystallography.
Previous work indicates that Spc110 1-220 is only weakly dimeric . We thus screened several coiled-coil domain fusion constructs of the Spc110 NCC ( Figure   3A ). These fusion domains have been shown to aid crystallization of weakly interacting coiled-coils (Frye, et al., 2010; Klenchin, et al., 2011) . N-terminal fusions with Xrcc4 and Gp7 produced high yields of soluble protein. We elected to move on with the Xrcc4 fusion as it contained a longer portion of the NCC (residues 164-207). The Xrcc4-Spc110 164-207 construct crystallized in a variety of conditions. Crystals yielded diffraction data to 2.1 Å and phases were obtained by molecular replacement using the Xrcc4 structure as a search model. As expected, the electron density map was consistent with a coiled coil, with interpretable density for Spc110 residues 164-203.
When docked into the cryo-EM map, the X-ray model occupies most of the alpha-helical cryo-EM density. We then mapped the 14 unique DSS and EDC crosslinks onto the combined γTuSC-Spc110 NCC 164-203 model. The majority of both DSS (4/5) and EDC (7/9) crosslinks are within expected C α -C α distances (<25 Å for EDC, <35 Å for DSS) ( Figure 3C ). From the crosslinking data and the fact that the NCC is resolved in the cryo-EM map, we conclude that the Spc110 NCC domain forms a stable contact with γTuSC.
The Coulombic surface representation of Spc110 NCC and the N-terminal regions of Spc97 and Spc98 of γTuSC suggests the interactions are mediated by charge complementarity between acidic residues in Spc110 and basic residues in γTuSC ( Figure   3D ). coiledcoil domain fusion constructs. Constructs were expressed with N-terminal 6His affinity tags in E. coli then lysed, centrifuged to produce a high-speed supernatant (HSS), then purified by nickel affinity chromatography. Eluates from nickel affinity columns were incubated with 3C protease to cleave the 6His tag, then diluted with NaCl-free buffer to 50 mM NaCl before further purification. B. Structure of Xrcc4-Spc110 , where Spc110 NCC residues 164-203 are resolved. C. Spc110 NCC structure fit into γTuSC cryo-EM density map (grey surface, EMDB ID 2799) along with γTuSC pseudo-atomic model (PDB ID 5FLZ) Greenberg, et al., 2016) . The majority of XL-MS distance restraints are satisfied by this model. Satisfied and violated DSS crosslinks are shown in cyan and purple, respectively. Satisfied and violated EDC crosslinks are shown in blue and red, respectively. Crosslinks that are satisfied by either Spc110 monomer are shown twice, one for each monomer. D. and γTuSC. Spc110 crosslinks marked with an asterisk (*) are satisfied on either monomer within NCC . E. Coulombic potential map of Spc110 NCC and γTuSC, showing charge complementarity between acidic patch on Spc110 and basic patch on γTuSC. Map was calculated using UCSF Chimera (Pettersen, et al., 2004 ).
Integrative structural model of γTuSC-Spc110 based on cryo-EM, X-ray crystallography, and XL-MS
Given the large number of distance restraints in our XL-MS dataset and the availability of structural models for the Spc110 NCC and γTuSC, we next sought to generate a structural model of the γTuSC-Spc110 complex using integrative modeling (Alber, et al., 2007; Russel, et al., 2012) . The γTuSC was represented by the pseudoatomic structure inferred from a cryo-EM map of the closed, disulfide-stabilized γTuSC filament and remotely related template structures (PDB ID: 5FLZ) Greenberg, et al., 2016) and the Spc110 NCC was represented by its crystal structure ( Figure 3B ). Regions with unknown structure were modeled as flexible strings of beads. For Spc110, each sphere represented 5 residues. Finally, the proximity between specific residue pairs was determined by DSS and EDC XL-MS experiments using Spc110 1-401 -GST. We used the Spc110 1-401 -GST crosslinks as there were fewer intraSpc110 crosslinks than with the Spc110 1-220 -GCN4 dimer ( Figure 2 ). The NCC was docked into the cryo-EM density map by cross-correlation based fitting in Chimera (Pettersen, et al., 2004) -163, 164-203, and 204-220) and shown at two contour levels. The light green surface shows the localization density contour at 25% of the maximum voxel value, while the transparent grey surface shows the contour at 10% of the maximum voxel value. B. Topscoring model within the most-occupied cluster in bead representation, showing one Spc110 NTD (light green) not associated with γTuSC.
The ensemble of models clustered predominantly in one class (80.5% of models)
with an overall localization precision of 46.4 Å, where the precision is defined as the average bead RMSD between all pairs of models in the cluster. ) is violated. In general, an ensemble of models can be visualized as a localization probability density map. The map specifies the probability of any volume element being occupied by a given bead in superposed goodscoring models. In the localization probability density map for the entire cluster, the position of the Spc110 NTD 1-111 s appears blurred, especially at higher contour levels ( Figure 4A ). This uncertainty is explained in part by the fact that, in the top scoringmodel in the cluster, only one Spc110 NTD 1-111 is closely associated with γTuSC ( Figure   4B , dark green) while the other appears to have an unconstrained localization in the solvent away from γTuSC ( Figure 4B , light green). This result shows that most crosslink distance restraints can be satisfied by a single Spc110 NTD, raising questions about how multiple copies of NTD work together to stabilize γTuRC.
The role of a conserved cysteine in Spc110
We observed crosslinks between the Spc110 central coiled coil domain and the N-terminal domains of Spc97 and Spc98 within γTuSC ( Figure 2B and 2D). These domains of Spc97 and Spc98 are unresolved in the cryo-EM reconstruction .
This region of Spc98 is important for Spc110-mediated γTuRC assembly (Lin, et al., 2015) . We thus wanted to include this region of Spc110 in further experiments. This required mutating a conserved cysteine at Spc110 position 225 ( Figure 5A ), as we found that disulfides formed between the cysteines leading to higher-order oligomerization that confounds analysis of other features of Spc110 ( Figure 5B-C) . C225 is one of two cysteine residues in Spc110, the other being C911 in the calmodulin binding site near the C-terminus, and Spc110 has been shown to form disulfides in vivo (Knop & Schiebel, 1997) . C225 is in an intriguing position within Spc110, as there is a predicted break in Figure S1) , suggesting disulfides form not within an Spc110, but between adjacent Spc110 dimers to stabilize higher-order oligomers. However, the Spc110 C225S mutant was viable in vivo as assessed by a plasmid shuffle assay, as was a mutation of residues 224 and 226 to lysine, which should generate a hyper-reactive KCK motif, indicating that neither disulfide formation nor wild-type reactivity of C225 plays an essential role in Spc110 function in vivo ( Figure 5D ).
Testing independent effects of the Spc110 NTD 1-111 s
While our integrative structural model does not conclusively prove that only a single Spc110 NTD 1-111 is required to bind γTuSC, it suggests the possibility that the two NTD 1-111 s within a dimer may serve separate purposes. In particular, the close association of one of the NTD 1-111 s with γTuSC suggests that it acts along with the γTuSC-NCC 164-208 interaction to stabilize Spc110-γTuSC binding ( Figure 4B , dark green). The unassociated NTD 1-111 could then be free to stabilize interactions between adjacent γTuSCs, potentially explaining the decrease in average γTuSC assembly size observed with the Spc110-Δ111 truncation mutant .
To address these possibilities, we turned to the SpyCatcher-SpyTag system, which has proven useful in understanding asymmetric behavior by homodimeric proteins (Zakeri, et al., 2012; Elnatan, et al., 2017) . We generated fusions between Spc110-C225S residues 1-276 and SpyCatcher or SpyTag domains with short, flexible serine/glycine linkers designed to prevent disruption of the coiled-coil domain by geometric mismatch between the domains. SpyCatcher-SpyTag covalent adducts of Spc110 1-276 -C225S formed readily, allowing comparison of full-length/Δ111
heterodimers with the full-length/full-length or Δ111/Δ111 covalent dimers ( Figure 6A ).
Our FRET assay for γTuRC assembly was then used to analyze the impact of these truncations. This assay uses γTuSC with YFP and CFP fused to the C-termini of Spc97 and Spc98, respectively. As the concentration of Spc110 in the reaction increases, γTuSCs assemble into larger complexes, bringing the fluorophores into proximity and causing increased FRET. The assay provides quantitative information about the apparent affinity of Spc110 for γTuSC from the Spc110 concentration at half-maximal FRET, as well as the average assembly size of γTuSC-Spc110 complexes from the maximal FRET signal ) (see Figure S2 ). At 50 nM γTuSC, the full-length/Δ111 heterodimer reduced the apparent affinity for γTuSC assembly as well as the maximum FRET signal compared with the full-length/full-length control ( Figure 6C ). The reduced maximum FRET signal of the full-length/Δ111 binding curve implies that the average size of γTuSC assemblies is smaller, and thus that wild-type γTuSC assembly size depends on the presence of two Spc110 NTDs. Consistent with our previous results that only a deletion of residues 1-146 completely abolishes γTuRC assembly , the Δ111/Δ111 dimer continued to stabilize γTuRC assembly very weakly. Our interpretation of these results in summarized in a model (Figure 7 ) discussed below. 
Discussion
Spc110 NTDs serve different roles in γTuRC assembly
The crucial difference between the full-length/full-length dimer and the Δ111/full-length heterodimer is a change in maximum FRET value ( Figure 6C ). If deleting one NTD simply weakened interaction between Spc110 and γTuSC, the only expected change in the γTuRC assembly curves would be decreased apparent affinity and both Spc110 constructs would reach the same maximum FRET signal at sufficiently high Spc110 concentrations. Importantly, this is not what we observe. As detailed in
Supplementary Figure S2 , a decrease in maximum FRET implies a decrease in the average number of γTuSCs per Spc110 complex. Our results therefore indicate that the NTD 1-111 stabilizes γTuSC-γTuSC interactions as stabilizing this interface would lead to an increased average number of γTuSCs per complex at saturating Spc110 concentration.
Based on our results, we propose an independent action model for the two Spc110 NTD 1-111 s (Figure 7) . In a full-length/full-length Spc110 dimer, both NTD 1-111 s are equivalent prior to γTuSC binding ( Figure 7A ). Upon γTuSC binding, this symmetry is broken and one Spc110 NTD makes contacts with the same γTuSC bound by the Spc110 NCC , while the other NTD 1-111 is poised to make contacts with an adjacent γTuSC ( Figure 7B ). In this scenario, γTuSC self-interactions and the second Spc110 NTD cooperate to stabilize assembly of γTuRC ( Figure 7C ).
Removing one of the NTD 1-111 s destroys the symmetry that exists in the fulllength/full-length dimer (compare Figure 7A with 7D) . Thus, Spc110 can bind γTuSC in two configurations ( Figure 7E ). Only one configuration has an Spc110 NTD poised to contact another γTuSC ( Figure 7E , red arrow), leading to γTuRC assemblies where some interfaces are strong due to cooperative stabilization by both γTuSC self-interaction and Spc110, and some are weak due to the absence of additional stabilization by Spc110
( Figure 7F ). In the case of the Δ111/Δ111 dimer, γTuRC assembly is severely compromised because only the NCC interaction and the CM1 117-146 domain are present to interact with γTuSC. As an alternative class of models, the NTD 1-111 may not directly bridge adjacent γTuSCs, but instead enhance the inter-γTuSC self-interaction via allostery. If NTD binding allosterically regulates the γTuSC self-interaction interface to enhance its affinity, any perturbation that decreases the residence time of the NTD 1-111 on γTuSC would be predicted to decrease γTuSC self-interaction affinity. In full-length/full-length Spc110 dimers, when one NTD dissociates there are two NTD 1-111 s which could rebind to γTuSC. However, only one NTD is available in the Δ111/full-length heterodimer, which would lead to reduced residence time on γTuSC, weakened γTuSC self-interaction affinity, and reduced maximum FRET signal. Higher-resolution structural data of γTuSC alone and with Spc110 would aid identification of any such allosteric conformational change mechanisms.
The Spc110 NCC is a major γTuSC-interacting motif
Our XL-MS dataset revealed the identity of the coiled-coil density previously observed in contact with the N-terminal regions of γTuSC ( Figure 3C ; Kollman et al. 2015) . Unlike the CM1 117-146 domain, which we previously proposed to be an important γTuSC interaction motif, the NCC 164-208 contains several mitosis-specific phosphorylation sites (Davis Lab, unpublished data), so it will be important to characterize the role of phosphorylation in γTuSC-NCC 164-208 binding.
Implications for γTuRC assembly and the MT cytoskeleton
Our results add another dimension to the role Spc110 plays in γTuRC assembly.
In our previous work , we demonstrated that Spc110's higher-order oligomerization is the fundamental determinant of its ability to stabilize γTuRC assembly. Our results here represent an elaboration on this core mechanism of γTuRC assembly. We propose that the Spc110 NTD 1-111 s contribute to both high-affinity binding between Spc110 and γTuSC, and to the stabilization of interactions between adjacent γTuSCs. It remains possible that the NTDs are also required to bind additional factors important for MT nucleation, either directly or indirectly. Given recent attention to nonγTuRC-mediated mechanisms of MT nucleation, any cooperation between Spc110, γTuRC, and factors such as Stu2 will be very informative (Roostalu & Surrey, 2017) . The trans-γTuSC interactions that we propose are made by Spc110 could also be important to the mechanisms that lead to γTuRC closure, which we have shown activates the MT nucleating activity of γTuRC . Further study of these questions is necessary and likely to be fruitful.
Materials and Methods
Protein expression constructs
Constructs for expression of γTuSC, Spc110 1-220 -GCN4 dimer, and Spc110 1-401 -GST were previously described (Vinh, et al., 2002; Kollman, et al., 2015; Lyon, et al., 2016) .
Spc110
1-276 -GCN4 dimer was synthesized by GeneArt (Life Technologies). Spc110 1-276 -SpyTag and SpyCatcher fusion constructs were synthesized with the BioXp instrument (SGI-DNA). These constructs were then cloned into pET28 using Gibson Assembly. Point mutations were constructed by site-directed mutagenesis (Zheng, et al., 2004) .
Truncation mutants were constructed using the Q5 Site-Directed Mutagenesis kit (New England BioLabs).
Protein Expression and Purification
Purifications for γTuSC, Spc110 1-220 -GCN4 dimer, and Spc110 1-401 -GST were previously described (Vinh, et al., 2002; Kollman, et al., 2015; Lyon, et al., 2016) . Spc110 1-276 -GCN4 dimer was purified as for Spc110 1-220 -GCN4 dimer. 
Cross-linking and mass spectrometry (XL-MS)
XL-MS was carried out as described by . All γTuSC-Spc110 reactions were in 40 mM HEPES pH 7.0, 150 mM KCl and contained a final concentration 0.4 uM γTuSC and 0.8 uM Spc110. DSS reactions were carried out at room temperature (RT) for 3 min using 0.44 mM DSS prior to quenching with 100 mM ammonium bicarbonate. EDC reactions were carried out at RT for 30 min using 5.4 mM EDC plus 2.7 mM Sulfo-NHS prior to quenching with 100 mM ammonium bicarbonate plus 20 mM 2-mercaptoethanol. After quenching, reactions were reduced for 30 min at 37 o C with 10 mM dithiothreitol (DTT) and alkylated for 30 min at RT with 15 mM iodoacetamide.
Trypsin digestion was performed at 37 o C for 4 or 6 hours with shaking at a substrate to enzyme ratio of 17:1 or 30:1 for EDC and DSS reactions, respectively, prior to acidification with 5 M HCl. Digested samples were stored at -80°C until analysis. Mass spectrometry and data analysis were performed as described by . In brief 0.25 μg of sample was loaded onto a fused-silica capillary tip column (75-μm i.d.)
packed with 30 cm of Reprosil-Pur C18-AQ (3-μm bead diameter, Dr. Maisch) and eluted at 0.25 μL/min using an acetonitrile gradient. Mass spectrometry was performed on a QExactive HF (Thermo Fisher Scientific) in data dependent mode and spectra converted to mzML using msconvert from ProteoWizard (Chambers, et al., 2012) .
Proteins present in the sample were identified using Comet (Eng, et al., 2012) . Crosslinked peptides were identified within those proteins using Kojak versions 1.42 or 1.4.3 (Hoopmann, et al., 2015) available at http://www.kojak-ms.org. Percolator version 2.08 (Käll, et al., 2007) was used to assign a statistically meaningful q value to each peptide spectrum match (PSM) through analysis of the target and decoy PSM distributions. (Kabsch, 2010) and indexed in space group P1. Phases were obtained by molecular replacement using Phaser within the Phenix package (Adams, et al., 2010; McCoy, et al., 2007) . The search model was the PDB ID 1FU1 residues 1-150, with the coiled-coil residues 133-150 mutated to alanine. The S-(dimethylarsenic)cysteine at position 130 in 1FU1 was modified to cysteine. The majority of the structure was built with phenix.autobuild (Terwilliger, et al., 2008) with the remainder built manually in Coot (Emsley, et al., 2010) and refined with phenix.refine (Afonine, et al., 2012) . The final structure contains Spc110 residues 164-203, along with the Xrcc4 fusion domain.
Integrative structural modeling
Integrative structure modeling is described in detail in Supplementary Computational
Methods.
SEC-MALS
SEC-MALS was performed as described using a Shodex Protein KW-804 column and DAWN HELEOS II and OptiLab t-Rex instruments (Wyatt Technology) .
The mobile phase was HB150 with 1 mM DTT.
Sequence alignments
Spc110 sequences were obtained by reciprocal best BLAST (Camacho, et al., 2009) searches with S. cerevisiae Spc110 protein sequence. Sequences were aligned using MAFFT version 7.222 (Katoh & Standley, 2013) .
Red-White Sectoring Plasmid Shuffle Assay
Viability of Spc110 mutants was performed with a red-white colony sectoring assay as described (Tien, et al., 2013; Lyon, et al., 2016) .
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